Apolipoprotein B-100 (apoB-100) appears in three forms in the endoplasmic reticulum of Hep G2 cells: (1) tightly bound to the membrane, ie, not extractable by sodium carbonate. This form is glycosylated but protease sensitive when present in intact microsomes, suggesting that it is only partially translocated to the microsomal lumen; (2) extractable by sodium carbonate and present on low-density lipoprotein-verylow-density lipoprotein (LDL-VLDL)-like particles. This form is glycosylated and secreted into the medium; and (3) extractable by sodium carbonate but having a higher density than the LDL-VLDL-like particles. This form, referred to as Fraction I, is glycosylated and protected against proteases when present in intact microsomal vesicles, indicating that it is completely translocated to the luminal side of the microsomal membrane. Fraction I is not secreted into the medium, but it disappears with time from the cell, suggesting that it is degraded. Oleic acid induced a 2.7-fold increase in the rate of the biosynthesis of triacylglycerol but not of phosphatidylcholine in Hep G2 cells. Incubation of the cells with oleic acid had no significant effect on the rate of initiation of the apoB-100-containing lipoproteins, nor did it influence the amount of apoB-100 that was associated with the membrane or the turnover of apoB-100 in the membrane. Instead, it increased the proportion of the nascent apoB polypeptides on initiated lipoproteins that was converted into full-length apoB-100 on LDL-VLDL-like particles, giving rise to an increased amount of these particles in the lumen of the secretory pathway. Pulse-chase experiments showed that incubation with oleic acid gave rise to an increased formation of LDL-VLDL-like particles on behalf of the formation of Fraction I. This effect of oleic acid could partially explain the protective effect of the fatty acid on apoB-100, preventing it from undergoing posttranslational degradation. (Arterioscler Thromb. 1993;13:1743-1754 KEY WORDS • apoB-100 • Hep G2 cells • triacylglycerol biosynthesis A polipoprotein (apo) B-100 occurs mainly on the / \ liver-derived lipoproteins, ie, very-low-density li-JL A . poproteins (VLDLs), intermediate-density lipoproteins, and low-density lipoproteins (LDLs). ApoB-100 is essential for the assembly of these lipoproteins.
tide determines the size of the particle that it has assembled. 13 During the elongation of the nascent polypeptides, these initiated lipoproteins, ie, the immature lipoprotein particles containing nascent polypeptides, are converted to triacylglycerol-rich LDL-VLDL-like particles with full-length apoB-100 that are secreted from the cell. 1 -2 - 4 However, we have also reported 14 that a more dense particle (Fraction I in Reference 4) with fulllength apoB-100 may be formed in the secretory pathway. Fraction I does not seem to be secreted from the cell to any significant degree. The question of the nature of this particle is addressed in this article.
Incubation of Hep G2 cells with oleic acid increases the secretion of apoB-100 46 without changing the amount of apoB-100 mRNA in the cell. 46 Instead, it seems as if the oleic acid stabilizes apoB-100 and prevents it from undergoing posttranslational degradation. 7 Thus, incubating cells with oleic acid induces an increase in the proportion of the amount of intracellular apoB-100 that is used for the assembly and subsequent secretion of LDL-VLDL particles.
of apoB-100 is highly dependent on an ongoing biosynthesis of phosphatidylcholine, 8 -9 and the assembly of the apoB-containing lipoproteins may occur in regions of the ER with high diacylglycerol: acyltransferase activity, 2 ie, regions with a high capacity for the formation of triacylglycerol.
Taken together, the observations discussed above suggest that oleic acid could be used to manipulate important steps in the assembly process and thus could be used as a tool in the elucidation of this process. In this article we have characterized one of the mechanisms by which oleic acid could influence the secretion of apoB-100 from Hep G2 cells.
Methods

Materials
Eagle's minimal essential medium was from Flow Laboratories, Irwine, UK, and Eagle's minimal essential medium without methionine was from GIBCO. (TLCK-HC1) , tetracaine, and soybean trypsin inhibitor (Bowman-Birk) were from Sigma. Immunoprecipitin was purchased from Bethesda Research Laboratories. Trasylol (aprotinin) was from Bayer Leverkusen, FRG. Concanavalin A (ConA), Sepharose, and PD-10 columns were from Pharmacia LKB Biotechnology Inc. All chemicals used for sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis were from Bio Rad. All chemicals were of analytical grade.
Cell Culture, Metabolic Labeling, and Subcellular Fractionation
The Hep G2 cells were grown in Eagle's minimal essential medium as described. ]methionine and chasing with a surplus of cold methionine in the absence or presence of cycloheximide was performed as described. 1 For subcellular fractionation we used the method described by Boren et al. 2 In the cases in which the subcellular fractions were subjected to proteolysis, no protease inhibitors were used in the sucrose gradient. Control experiments indicated that no detectable degradation of apoB-100 occurred during centrifugation. Thus, 95 ±4% of the applied apoB-100 was recovered from the gradient that did not contain protease inhibitors.
To determine the orientation of the ER-derived microsomes, we took advantage of the fact that vesicles with the "wrong" orientation expose mannose-rich carbohydrate structures that bind to ConA. The ERderived microsomes were first desalted by chromatography on a PD-10 column that was equilibrated with Dulbecco's phosphate-buffered saline, pH 7.4. The desalted microsomes were incubated for 1 hour at room temperature with ConA-Sepharose with or without 100 mg a-methyl-D-mannoside. After the incubation the supernatant was collected, and the ConA-Sepharose pellet was washed eight times with 1 mL Dulbecco's phosphate-buffered saline, pH 7.4, which was added to the first supernatant. ApoB-100 and apantitrypsin were recovered by immunoprecipitation and electrophoresis in 3% to 15% polyacrylamide gradient gels containing SDS, and the radioactivity was counted. 10 The luminal content of the isolated vesicles was separated from the membrane by the sodium carbonate method 11 with the modifications described. 12 
Protease Treatment of the ER-Derived Microsomes
Protease treatment of isolated ER-derived vesicles was performed as described by Davis et al. 13 ER-derived microsomes, 0.2 mg (measured as proteins), were incubated with 240 /xg trypsin for 30 minutes at room temperature. After the incubation, 2.4 mg soybean inhibitor, 100 ,u.mol/L PMSF, and 100 /xmol/L TLCK-HC1 were added, and the vesicles were extracted with sodium carbonate to separate the luminal content from the membranes. In control experiments the isolated ER-derived vesicles were stabilized by the addition of 3 mmol/L tetracaine-HCl. 14 
Estimation of the Rate of Initiation of ApoB-100-Containing Lipoproteins
To estimate the initiation rate of lipoproteins, we determined the amount of radioactivity present in nascent apoB polypeptides on immature lipoproteins after a 5-minute pulse with [ S]methionine by using the method described by Boren et al. 1 The pulse-labeled cells were incubated with cycloheximide and puromycin and were chased for 2 hours in the presence of cycloheximide and puromycin. The concentrations of puromycin and cycloheximide were those used earlier. 1 The chase medium was collected and analyzed by sucrose gradient ultracentrifugation (see below). The gradients were unloaded from the bottom, and apoB was recovered from each fraction by immunoprecipitation and electrophoresis in 3% to 15% polyacrylamide gradient gels (with SDS). The radioactive proteins were visualized by autoradiography, the nascent apoB-100 polypeptides were cut from the gel, and the radioactivity was counted.
Immunoprecipitation and Sucrose Gradient Ultracentrifugation of the ApoB-Containing Lipoproteins
Immunoprecipitation was performed as described elsewhere. 10 ApoB-containing lipoproteins present in subcellular fractions or secreted into the medium were analyzed by gradient ultracentrifugation. The sucrose gradient used was formed by layering the following from the bottom of the tube: 1.5 mL 47% sucrose, 3 mL 25% sucrose, 2 mL 20% sucrose, 3.2 mL of the sample in 12.5% sucrose, 1.9 mL 5% sucrose, and 0.9 mL 0% sucrose. All solutions contained 3 mmol/L imidazole, pH 7.4.
The gradients were ultracentrifuged at 35 000 rpm in a Beckman SW-40 rotor for 65 hours at 4°C and unloaded into 12 fractions. ApoB-100 was recovered from each fraction by immunoprecipitation and electrophoresis in 3% to 15% polyacrylamide gradient gels in the presence of SDS, and the radioactivity was determined.
To determine the radioactivity in apoB polypeptides, the protein was isolated by immunoprecipitation and SDS-polyacrylamide gel electrophoresis. The band corresponding to the protein was cut from the gel and digested, 10 and the radioactivity was counted.
Protein Sequencing
To determine whether the signal sequence of the membrane-bound apoB-100 was cleaved, the protein was labeled with 35 S-methionine, and the membranebound apoB-100 was recovered by immunoprecipitation. After electrophoresis in 3% to 15% polyacrylamide gradient gels, the protein was blotted on polyvinylidene difluoride filters. 15 The band corresponding to apoB-100 was identified by autoradiography, cut out, and used for amino-acid sequencing. The sequence analyses were performed on an Applied Biosystems gas-phase sequencer, and the 35 S activity was recovered after each cycle was determined.
Quantification of Lipids and DNA
Cellular lipids were extracted as described by Bligh and Dyer. 16 To quantify the lipid pools, we used a combination of thin-layer chromatography and a flameionization detection on an Iatroscan. 4 To estimate the rate of the biosynthesis of triacylglycerol and phosphatidylcholine, the cells were incubated with [ 3 H]glycerol for periods from 0 to 120 minutes. The cellular lipids were extracted and separated by thinlayer chromatography. 1 The fractions corresponding to phosphatidylcholine and triacylglycerol were recovered, and the radioactivity was determined. DNA was determined by the method described by Burton.
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Statistical Analysis
All values are presented as mean±SD (n=5) unless otherwise stated. Statistical significance was tested by paired t test.
Results
Sodium Carbonate Extract and Membrane-Bound ApoB-100 From the Microsomal Fraction of the Hep G2 Cells
Gradient ultracentrifugation of the sodium carbonate extract from the total microsomal fraction (as well as from the ER) showed that apoB-100 occurred on particles of the same density as the apoB-100-containing particles that were secreted into the medium (Fig 1) . We refer to these particles as LDL-VLDL-like particles. In addition, the sodium carbonate extract contained apoB-100 that banded within the gradient in fractions of higher density (corresponding to the region of the gradient where the HDL particles would band). These fractions are referred to as Fraction I. 4 No or only trace amounts of Fraction I could be recovered from the medium. However, Fraction I disappeared from the microsomal fraction of the cells (Fig 2) , indicating that it was degraded in the cell.
Since the LDL-VLDL-like particles are secreted into the medium, it is most likely that they are present in the lumen of the microsomes. 35 S]methionine medium for 2.5 hours. The total microsomal fraction was recovered and extracted with sodium carbonate, and both this extract and the culture medium were subjected to sucrose gradient ultracentrifugation for 65 hours at 4°C and 35 000 rpm. The gradients were unloaded into 12 fractions, apoB-100 was recovered by immunoprecipitation and electrophoresis in 3% to 15% polyacrylamide gradient gels containing sodium dodecyl sulfate, and the radioactivity was counted. DPM indicates disintegrations per minute.
To determine if the apoB-100 of Fraction I was present on the luminal side of the ER membrane, we analyzed the sodium carbonate extract after trypsin treatment of the isolated ER vesicles. In these experiments we first took advantage of the observation that Fraction I was the quantitatively dominating form in which apoB-100 occurred in the sodium carbonate extract of microsomes from Hep G2 cells that were cultured in the absence of oleic acid (see below). The cells, cultured in 56-cm 2 Petri dishes, were labeled for 2 hours with 250 /iCi [ 35 S]methionine for 5 minutes and chased in the presence of cold methionine for periods between 0 and 120 minutes. After each chase period, the total microsomal fraction was recovered and treated with sodium carbonate. The sodium carbonate extract was subjected to sucrose gradient ultracentrifugation, apolipoprotein B-100 was recovered from the fractions corresponding to Fraction I by immunoprecipitation and electrophoresis in 3% to 15% polyacrylamide gradient gels in the presence of sodium dodecyl sulfate, and the radioactivity was determined. Per cent indicates percent of the maximal amount of Fraction I in the total microsomal fraction.
mined after trypsin treatment of the ER fraction. A recovery of 104 ±26% indicated that Fraction I, when present in the microsomes, was protected against proteolysis. This was further confirmed in experiments in which we followed the effect of the proteolysis on Fraction I isolated from the sodium carbonate extract by gradient ultracentrifugation. The results showed that 100% (mean of three experiments) of the apoB-100 in Fraction I could be recovered after the protease treatment of the ER-derived vesicles.
A series of control experiments was performed. The "correct" orientation of the ER-derived vesicles was controlled by adsorption to ConA-Sepharose. The ER fraction from labeled (250 /id [ 35 S]methionine for 2 hours) Hep G2 cells cultured in 56-cm 2 Petri dishes was incubated with ConA-Sepharose. The gel pellet (with the bound vesicles) was removed by low-speed centrifugation. ApoB-100 and a,-antitrypsin were recovered from the supernatant by immunoprecipitation and SDS-polyacrylamide gel electrophoresis, and the radioactivity was determined. The recovery rates of apoB-100 and a r antitrypsin were 95±26% and 93±25%, respectively. In a second experiment, we compared the amount of radioactivity present in apoB-100 and a^-antitrypsin in the supernatant with that obtained when the incubation with ConA-Sepharose was performed in the presence of 100 mg a-methyl-D-mannoside. The results showed a recovery of 96±28% of apoB-100 and 94±26% of a,-antitrypsin. These results indicated that almost all of the apoB-100 and a,-antitrypsin radioactivity was present in microsomes that had the "right" side out, since the microsomes did not bind to ConA-Sepharose.
A correct orientation of the vesicles is also supported by the following observations. Eighty-two percent (mean of three experiments) of the total cellular a,-antitrypsin was recovered with the microsomes, and 96±6% of the protein was protease resistant when isolated with the microsomes, ie, the protein was quantitatively recovered on the luminal side of the membrane. All a,-antitrypsin, however, was digested after detergent treatment of the vesicles. These circumstances allowed us to use the recovery of the a r antitrypsin to estimate the recovery of microsomes derived from the total secretory pathway in the supernatant after the ConA treatment. Thus, we estimated that more than 80% of the total microsomes recovered from the secretory pathway had the right orientation. It should be pointed out that the a,-antitrypsin that is present on the outside of the vesicles or any accidentally released from the microsomes during the incubation will bind to the ConA-Sepharose and thus will not appear in the supernatant.
To make sure that the enzymes had the capacity to digest all apoB-100, we assessed the recovery of apoB-100 after proteolysis of vesicles that were treated with detergents. No apoB-100 could be detected after trypsination of detergent-treated microsomes (not shown).
To make sure that the vesicles were not leaking, we assessed the recovery of radiolabeled transferrin, a r antitrypsin, and a 2 -macroglobulin after trypsin treatment of the microsomes. The recovery rates of these three secretory proteins were 105±4.5%, 96±6%, and 97±6%, respectively.
We also investigated the glycosylation of the sodium carbonate-extractable apoB-100. The cells were labeled with [ 3 H]mannose for 2 hours, the sodium carbonate extract was recovered from the total microsomal fraction, and the extracted apoB-100 was analyzed by gradient ultracentrifugation. The results (Fig 3) indicated that the apoB-100 present in Fraction I (as well as on the LDL-VLDL-like particles) was glycosylated.
Taken together, these results indicated that Fraction I was completely translocated to the luminal side of the microsomal membrane.
In agreement with the results of other investigators, 1819 we found that the major amount (81 ±3%) of the tightly membrane-associated apoB-100 was lost after protease treatment of the ER-derived vesicles. Although the complete recovery of the luminal apoB-100 and other secretory proteins after protease treatment of isolated ER-derived vesicles strongly argued against leaking of the membranes, we performed a second type of control experiment in which the membranes of the isolated vesicles were stabilized with tetracaine-HCl. 14 The results showed that 71 ±11% of the membranebound apoB-100 was lost during protease treatment of the tetracaine-HCl-stabilized ER-derived vesicles. Thus, even in the presence of tetracaine-HCl, the major 1 2 3 4 5 6 7 8 9 10 Fractions 2 culture dishes were labeled with 2 mCi [ 3 H]mannose for 2 hours. The total microsomal fraction was recovered and extracted with sodium carbonate, and the extract was subjected to sucrose gradient ultracentrifugation for 65 hours at 4°C and 35 000 rpm. The gradients were unloaded into 10 fractions, and apoB-100 was recovered by immunoprecipitation and analyzed by electrophoresis in 3% to 15% polyacrylamide gradient gels containing sodium dodecyl sulfate followed by autoradiography. Arrows indicate the position of the 200-and 92.5-kDa standards.
amount of the membrane-bound apoB-100 was susceptible to proteolysis. Experiments with [ 3 H]mannose labeling indicated that the tightly membrane-bound apoB-100 was glycosylated (Fig 4) . To test the possibility that this glycosylated apoB-100 belonged to a subfraction that was not protease sensitive, the following experiment was performed. Cells cultured in 56-cm 2 Petri dishes were labeled with 2 mCi [ 3 H]mannose for 2 hours, and the ER-derived vesicles were recovered and subjected to proteolysis. The results showed that 79% (mean of two experiments) of the mannose-labeled membrane-bound apoB-100 was lost during protease treatment of the microsomes (compare Fig 4) . This indicated that the major amount of the glycosylated apoB-100 molecules belonged to the protease-sensitive pool of apoB-100 molecules in the ER membrane.
These results suggested that a portion of the membrane-bound apoB-100 was translocated to the lumen of the secretory pathway. This conclusion is also supported by the results from microsequencing (Fig 5) . Thus, the first methionine occurred in position four, which is in agreement with a processed signal sequence. 2021 
Effect of Oleic Acid on Cellular Lipids
Culturing the Hep G2 cells in the presence of oleic acid gave rise to a 2.7-fold increase in the rate of biosynthesis of triacylglycerol in the cells, as evaluated by the incorporation of [ 3 H]glycerol into triacylglycerol (Fig 6A) , and a substantial increase in the pool of triacylglycerol in the cells (Table) . 3 H]mannose for 2 hours. The total microsomal fraction was recovered and subjected to ultracentrifugation in a sucrose gradient. The gradient was assayed for marker enzymes for the ER and Golgi apparatus by using NADPH cytochrome c reductase and galactosyltransferase, respectively. Fractions derived from the ER were combined, and the ER membrane was recovered after disruption of the vesicles by sodium carbonate, without (A) or with (B) a preceding treatment of the vesicles with proteases. ApoB-100 was immunoprecipitated from the membranes and analyzed by electrophoresis in 3% to 15% polyacrylamide gradient gels with sodium dodecyl sulfate followed by autoradiography. Arrows indicate the position of the 200-and 92.5-kDa standards.
In agreement with earlier reports, 622 we failed to demonstrate any significant change in the incorporation of [ 3 H]glycerol into phosphatidylcholine (Fig 6B) , nor could we detect any increase in the amount of lipid phosphorus in the cell; rather, a significant decrease was noted (Table) .
Oleic acid did not induce any significant increase in the cellular content of cholesteryl esters in the cells (Table) .
Effect of Oleic Acid on the Amount of ApoB-100 Present in the Cells
To estimate the effect of oleic acid on the amount of apoB-100 present in the cells, Hep G2 cells, cultured in the presence or absence of oleic acid in 9.6-cm 2 culture dishes, were labeled with 50 /xCi [ 35 S]methionine for 2.5 hours. 4 The cells were harvested by a rubber policeman and lysed. ApoB-100 was then recovered by immunoprecipitation, electrophoresis was performed in 3% to 15% polyacrylamide gradient gels in the presence of SDS, and the radioactivity was counted. The ratio of the amount of the apoB-100 radioactivity recovered from cells cultured in the presence to those cells cultured in the absence of oleic acid was 1.13±0.27 (n=10). Thus, the results suggested that the incubation with oleic acid did not influence the total amount of full-length apoB-100 in the cells. ApoB-100 present in the membrane pellet was recovered by immunoprecipitation and sodium dodecyl sulfate-polyacrylamide gel electrophoresis and was blotted on a polyvinylidene difluoride membrane. The band corresponding to apoB-100 was cut from the filter and used for sequencing, which was performed on an Applied Biosystems gas-phase sequencer. The 35 S activity recovered after each cycle was then determined. DPM indicates disintegrations per minute.
The proportion of the intracellular amount of apoB-100 that was secreted into the medium increased from 22±6% in the absence of oleic acid to 71±12% in the presence of oleic acid. In this experiment, cells cultured in 9.6-cm 2 Petri dishes were labeled for 2.5 hours with 80 /iCi [ 35 S]methionine. The cells were then chased in the presence of cold methionine for 3 hours, and the amount of the labeled intracellular apoB-100 that was recovered in the medium was determined. A chase period of 3 hours was chosen, since the secretion of apoB-100 has by that time reached a plateau level. 4 
Effect of Oleic Acid on the Posttranslational Degradation of ApoB-100
The observation discussed above suggested that oleic acid might influence the intracellular posttranslational degradation of apoB-100. This possibility was examined in the next experiments, in which we followed the posttranslational degradation in cells cultured in the absence or presence of oleic acid. The cells were labeled with [ 35 S]methionine for 2.5 hours and chased for periods from 0 to 120 minutes. The recovery of apoB-100 was measured after each chase period. The results (Fig  7) confirmed our earlier observations 12 -4 that apoB-100 is subjected to posttranslational degradation. They also indicated that the rate of disappearance of apoB-100 from the system (cell + medium) was significantly higher in the cells cultured in the absence of oleic acid than in those cultured in the presence of the fatty acid. These results support the possibility that oleic acid prevents the posttranslational degradation of apoB-100.
During these experiments we also observed that 23±6% (in the absence of oleic acid) and 25±7% (in the presence of oleic acid) of the radiolabeled apoB-100 remained in the cells after the 2-hour chase. Even after a 5-hour chase there were still significant amounts of radiolabeled apoB-100 in the cells. Thus, 14±6% of the initially radiolabeled apoB-100 remained in cells cultured in the absence of oleic acid, whereas 8.5±4% remained in cells that had been grown in the presence of oleic acid.
Effect of Oleic Acid on the Initiation and Maturation of the ApoB-100-Containing Lipoproteins
To estimate the rate of initiation of lipoproteins, we determined the radioactivity in nascent apoB polypeptides (ie, partially completed apoB polypeptides still attached to the ribosome) that had begun to assemble a lipoprotein.
1 Such nascent polypeptides appear in a density gradient between the density of HDL and that of LDL (Fig 8) . To label the nascent polypeptides, the cells were incubated for 5 minutes with [ 35 S]methionine. During this incubation, a certain amount of the initiated apoB polypeptides was completed, left the ribosome, and thus appeared as full-length apoB-100 on LDL-VLDL-like particles in the gradient (Fig 8) . This fulllength apoB-100 was not included in the calculation of the radioactivity of the nascent apoB-100 polypeptides.
There was no significant difference in the total radioactivity of these nascent polypeptides when isolated from cells cultured in the absence or presence of oleic acid (123±6xlO 3 versus 130±5xl0 3 disintegrations per minute). This indicated that the same amount of nascent apoB polypeptides was cotranslationally interacting with lipids under the two conditions (Fig 8) .
Analyses of the distribution of radioactive nascent polypeptides over the density gradient suggested that more nascent polypeptides were involved in the formation of the less dense particles in the cells cultured in the presence of oleic acid (Fig 9) . This suggested that more nascent apoB-100 polypeptides were being integrated into mature LDL-VLDL-like lipoprotein particles.
This observation was supported by results from experiments in which the conversion of the initiated lipoproteins into LDL-VLDL-like particles was estimated. The results (Fig 8) showed that this conversion increased approximately threefold when the cells were cultured in the presence of oleic acid (22±1% versus 68±3%).
The observation of an increased formation of LDL-VLDL-like particles was supported by the finding that an increased amount of apoB-100 radioactivity could be recovered in the d= 1.063 g/mL supernatant, ie, the apoB-100 present on LDL-VLDL-like particles, from the luminal content of the total microsomal fraction as well as from the ER when the cells were cultured in the presence of oleic acid. Thus, the ratios between the apoB-100 radioactivity recovered from the 1.063 g/mL supernatant of cells cultured in the presence and those cells cultured in the absence of oleic acid were 2.54±0.41 (the luminal content of the total microsomal The luminal contents of the total microsomal fraction and the ER fraction were recovered after disruption of the vesicles with sodium carbonate. The carbonate extracts were ultracentrifuged at d=1.063 g/mL for 48 hours in a Beckman Ti 50 rotor at 4°C. ApoB-100 was recovered from the supernatant by immunoprecipitation and electrophoresis 2 in 3% to 15% polyacrylamide gradient gels in the presence of SDS, and the radioactivity was then measured. , and 120 minutes. ApoB-100 was recovered from cells and the medium by immunoprecipitation and electrophoresis in 3% to 15% polyacrylamide gradient gels in the presence of sodium dodecyl sulfate, and the radioactivity was counted. Results are given as percent of the initial apoB-100 radioactivity, ie, the radioactivity after 0 minutes' chase, recovered after each chase period. 35 S]methionine for 5 minutes and chased for 0 or 25 minutes. After each chase period, cycloheximide and puromycin were added to block the elongation of the nascent polypeptides and release them into the secretory pathway. The cells were then chased for 2.5 hours (in the presence of cycloheximide and puromycin) to recover the material that had been released into the secretory pathway in the medium. The medium was then analyzed by sucrose gradient ultracentrifugation. The fractions recovered from this gradient were immunoprecipitated by polyclonal antibodies to apoB-100 and analyzed by electrophoresis in 3% to 15% polyacrylamide gradient gels in the presence of sodium dodecyl sulfate, followed by autoradiography. Arrows indicate the position of the 200-and 92.5-kDa standards. Stars indicate the migration of a protein that was nonspecifically precipitated with the antibody.
We did not observe any effect of the incubation with oleic acid on the total amount of apoB-100 in the luminal content (see above), nor did we find any effect of the incubation with oleic acid on the amount of membrane-bound apoB-100 radioactivity (the ratio with oleic acid/without oleic acid is l.ll±0.07).
These results could indicate that the oleic acid increased the formation of the LDL-VLDL-like particles and diverted apoB-100 from Fraction I. To test this possibility, we followed the appearance of apoB-100 on LDL-VLDL-like particles and on Fraction I in the microsomal lumen in cells cultured in the presence or absence of oleic acid. The cells were labeled for 10 minutes and chased for periods between 0 and 30 minutes. After each chase period, the luminal content of the total microsomal fraction was recovered (by sodium carbonate treatment) and subjected to sucrose gradient ultracentrifugation. ApoB-100 was recovered from each fraction of the gradient by immunoprecipitation and electrophoresis in 3% to 15% polyacrylamide gradient gels containing SDS, and the radioactivity was counted. The results (Fig 10) indicated that apoB-100 almost exclusively appeared as Fraction I in the absence of oleic acid. On the contrary, when the cells were cultured in the presence of oleic acid, the dominating amount of pulse-labeled apoB-100 appeared on LDL-VLDL-like particles, and only relatively small amounts of apoB-100 radioactivity were present as Fraction I (Fig 10) . No difference was found in the amount of apoB-100 radioactivity that was tightly bound to the membrane, nor was there any major difference in the turnover of this radioactivity (Fig 10) . After each chase period, the total microsomal fraction was recovered and extracted with sodium carbonate. The sodium carbonate extract was analyzed by sucrose gradient ultracentrifugation for 65 hours at 4°C and 35 000 rpm. The gradients were unloaded into 11 fractions, and apolipoprotein B-100 was recovered by immunoprecipitation and electrophoresis in 3% to 15% polyacrylamide gradient gels containing sodium dodecyl sulfate; the radioactivity was then counted. DPM indicates disintegrations per minute; Memb, membrane.
Discussion
The results indicate that apoB-100 occurs in three forms in the secretory pathway of Hep G2 cells: (1) tightly bound to the membrane; (2) extractable with sodium carbonate and present on LDL-VLDL-like particles; and (3) extractable with sodium carbonate but present on particles with a higher density than the LDL-VLDL-like particles. This form is referred to as Fraction I.
The LDL-VLDL particles are secreted from the cells and could therefore be expected to be present in the lumen of the microsomes, a localization that is supported by the observation that the particles are both released with sodium carbonate and glycosylated. Also, Fraction I is present on the luminal side of the microsomal membrane, as inferred from the following two observations: the apoB-100 of Fraction I is protected against proteolysis when present in isolated microsomes, and the protein is glycosylated. The exact localization of the apoB-100 of Fraction I, ie, whether it is associated with the ER membrane or present on lipoproteins in the lumen, cannot be unequivocally established from the present results because sodium carbonate treatment is known to release peripheral membrane proteins, ie, proteins that are not integrated into the membrane. 11 Thus, we conclude that Fraction I represents a completely translocated form of apoB-100 that is not tightly bound to the membrane of the secretory pathway (ie, it is sodium carbonate releasable).
In agreement with other investigators, 1318 we observed that the tightly membrane-bound pool of apoB-100 was susceptible to proteolysis, indicating that a large portion of the sequence was exposed on the cytoplasmic surface of the membrane. 13 ' 18 A small amount of fulllength apoB-100 could, however, be detected after the proteolysis, suggesting that a portion of the tightly membrane-bound pool of apoB-100 is completely translocated to the luminal side of the microsomal membrane. An alternative explanation that we cannot exclude is that this small amount of the full-length apoB-100 represents an incomplete degradation of the membrane-bound apoB-100.
Our results indicated that the membrane-bound, protease-sensitive apoB-100 was glycosylated. Assuming that the protease sensitivity is due to an incomplete translocation of the protein, these results suggest that a portion of the molecule is translocated to the luminal side. In fact, such a translocation could be expected, since the signal sequence 23 of the membrane-bound apoB-100 is cleaved. An alternative explanation would be that the glycosylation occurred on a subset of apoB-100 molecules that is completely translocated to the luminal side of the ER. The observation that the mannose-labeled apoB-100 was protease sensitive argues against this possibility.
In agreement with other investigators, 6 - 22 we also observed that incubation of the Hep G2 cells with oleic acid increased both the intracellular pool and the biosynthesis of triacylglycerol, whereas oleic acid did not affect the rate of the biosynthesis of phosphatidylcholine. However, some reports indicate that oleic acid induces an increase in the rate of the biosynthesis of phosphatidylcholine in Hep G2 cells. Thus, Weinhold and coworkers 24 report not only that oleic acid induces an increase in the rate of incorporation of choline into phosphatidylcholine but also that the fatty acid activates the enzyme cytidyltransferase. These results agree with observations in other cell types. 25 Further investigation is needed to clarify whether these differences could explain the differences observed in the rate of the biosynthesis of phosphatidylcholine.
Although this uncertainty of the effect of oleic acid on the rate of the biosynthesis of phosphatidylcholine must be taken into account when generalizing from our results, the experimental conditions described in this article appear to offer a model for studies of the assembly of the lipoprotein core.
Previous results
show that incubation with oleic acid induces a severalfold increase in the secretion of apoB-100. This increase is not due to an increased transcription of the apoB-100 gene, 4 -6 but rather appears to be explained by an increased use of apoB-100 for lipoprotein assembly 1 and a decreased intracellular degradation of the protein. 7 These observations were confirmed in the present article, and, as could be expected, the increased rate in the biosynthesis of triacylglycerol appeared to have a fundamental influence on the lipoprotein assembly process. It should, however, be pointed out that not all cells respond to oleic acid and the subsequent increase in the rate of the biosynthesis of triacylglycerol, with an increased rate of apoB secretion. Thus, there is no increase in the secretion of apoB from cultured rat hepatocytes after the addition of oleic acid to the culture medium. The reason is not known, but one possible explanation is that rat hepatocytes keep their in vivo phenotype during a brief culture. 2732 Another reason may be that the rat hepatocytes have the capacity to increase the lipid load of the particle, thus forming a triacylglycerol-rich VLDL. Hep G2 cells, on the contrary, have a limited capacity to form lipid-rich VLDL particles. 33 One possible site at which a variation in the rate of the biosynthesis of triacylglycerol may influence the lipoprotein assembly is the cotranslational association between the nascent apoB-100 proteins and the lipids, 1 ie, the initiation of lipoproteins. We estimated this rate of lipoprotein initiation as the amount of pulse-labeled nascent apoB polypeptides that were associated with lipoproteins. 1 In these experiments, the labeled nascent polypeptides were released to the secretory pathway by puromycin, chased into the medium in the presence of puromycin and cycloheximide, and analyzed by gradient ultracentrifugation. Previous results indicate that the profile of nascent polypeptides recovered in the medium under these conditions corresponds very well with the pattern found in the secretory pathway. 1 The results did not support any major effect on the rate of initiation of lipoproteins; rather, we observed that the increased rate of the biosynthesis of triacylglycerol induced a severalfold increase in the proportion of the initiated lipoproteins that was converted into full-length apoB-100 on LDL-VLDL-like particles, ie, particles that were secreted from the cells. These results were supported by the observation that oleic acid induced an increase in the amount of LDL-VLDL-like particles in the lumen of the secretory pathway. Moreover, a pulse-chase experiment demonstrated that the oleic acid induced an increased formation of LDL-VLDL-like particles on behalf of the formation of Fraction I. These results indicated that variation in the formation of the core lipids influences the assembly process at a step distal to the translocation of apoB-100 over the ER membrane.
Thus, taken together, the results presented in this article indicate that the formation of the lipid core is separate from the process that leads to the translocation of apoB-100 to the luminal side of the ER membrane. However, the rate of the biosynthesis of triacylglycerol appears to be of importance for the fate of the proteins that are being translocated. Thus, if apoB-100 assembles a particle that reaches the size of an LDL, the particle will be released to the lumen of the secretory pathway to be secreted. On the other hand, if the protein is underlipidated, it will appear as Fraction 1, which is retained in the cell and most likely degraded.
The results discussed above, together with our earlier observations,'-2 -4 suggest that during the translocation of apoB-100 the cell forms either an LDL-VLDL-like particle or a Fraction I and that the type of particle that is formed depends on the availability of triacylglycerol. This, in turn, would imply that Fraction I is not, under the present experimental conditions, a precursor to the LDL-VLDL-like particles. However, we cannot exclude the possibility that Fraction I under other circumstances could be used for the assembly of a complete lipoprotein. It has, for example, been suggested 3 that lipoproteins are assembled in two steps, the first being the formation of a dense apoB particle, which, in the second step, is associated with more triglycerides to form a full-size VLDL. Indeed, Fraction I could correspond to the proposed primordial particle. 3 Since the Hep G2 cell forms relatively small amounts of full-size VLDL particles, it is possible that a precursor-product relation between Fraction I and VLDL could be observed under other experimental conditions than those described in this article.
As mentioned above, the influence of oleic acid on the secretion of apoB-100 lipoproteins differs between Hep G2 cells and primary cultures of hepatocytes. The Hep G2 cells may thus be a good model system for studies on the effect of variations in the rate of biosynthesis of triacylglycerol on the early events in lipoprotein assembly. However, our results did not, of course, rule out the possibility that the rate of the biosynthesis of other lipids is of importance for the assembly and secretion of lipoproteins. Thus, results from other investigators 9 show that the secretion of VLDL depends on the biosynthesis of phosphatidylcholine. It has also been suggested that the biosynthesis of both cholester-ol 34 and cholesteryl esters 35 -36 influences the assembly/ secretion of VLDL.
The mechanism by which Fraction I is retained and degraded in the cell is unknown. It appears as if the relation between the size of the particle and the size of the apoB polypeptide is of importance. We have demonstrated 1 that particles with a density similar to that of Fraction I but containing C terminal-truncated forms of apoB-100 are secreted. It is also well known that rat hepatocytes secrete apoB-48 on particles with the density of HDL.
37
- 38 Together this may suggest that the small, dense Fraction I particle does not allow a fulllength apoB-100 to fold correctly, and thus the whole particle may be retained by a mechanism that allows the cell to retain unfolded/misfolded proteins in the cell.
Other potential mechanisms for the selective retention and degradation of Fraction I may involve interaction with specific receptors such as the LDL receptor. Such an interaction may occur within the secretory pathway. Such a mechanism would imply that Fraction I would have a high affinity for the LDL receptor. Affirming information is not yet available.
It is also possible that Fraction I is secreted into the medium but is rapidly removed from the medium by a receptor-mediated uptake. If this is the case, such an uptake must be very efficient, since we have not been able to detect any significant amount of Fraction I in the culture medium. Moreover, we have failed to detect any removal of newly secreted apoB-100 by Hep G2 cells. 2 Similar observations were made for cultured rat hepatocytes. 39 On the other hand, it has been suggested 40 that the region surrounding the cell surface forms a compartment of unstirred water that is not in complete equilibrium with the rest of the culture medium and that this compartment is of importance for the receptormediated uptake of the lipoprotein particles. Thus, it may be possible that Fraction I is secreted into this compartment of unstirred water and quantitatively removed by the receptor and diverted into a degradative pathway. It is obvious that a rather extensive investigation is needed to elucidate the mechanism behind the degradation of Fraction I. In summary, the results of the present experiments may provide one mechanism by which oleic acid, and thus, the rate of the biosynthesis of triacylglycerol, protect apoB-100 from posttranslational degradation and increase the secretion of the protein. ' • 27 ' 4 ' This protection may be of importance for the regulation of the secretion of apoB-100, since it has been suggested that variation in the posttranslational degradation may play a fundamental role in regulating VLDL secretion. 19 
